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A novel inverse analysis method was developed and tested to determine the spatial distribution of the ion-
ization rate of hydrogen gas in an inertial electrostatic confinement (IEC) fusion device. The ionization rate
distributions were inversely determined so that an experimentally observed Hα spectrum could be reproduced by
the linear combination of Hα partial spectra that were numerically predicted by one-dimensional Monte Carlo
simulations. This method is useful for improving the performance of IEC fusion device as a neutron source
because the ionization rate distribution greatly affects the ion energy distribution and fusion rate.
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This paper presents a novel analysis method that can
indirectly determine the spatial distribution of ionization
rate in the inertial electrostatic confinement (IEC) fusion
device using an inverse analysis technique. The method
uses a one-dimensional Monte Carlo (MC) simulation to
predict a series of partial Hα emission spectra originating
from deuterium/hydrogen ions that are initially generated
at different locations in the IEC device. Then the ioniza-
tion rate distribution is inversely determined so that an ex-
perimentally observed Hα spectrum can be reproduced by
a linear combination of the numerically obtained partial
spectra.

Figure 1 shows a schematic of the linear IEC device
used in this study. A hollow cathode (ø6×10 cm) and
two facing anodes (ø2×6 cm) made of stainless steel are
arranged coaxially on the center axis of the device with
gap lengths of 115 mm. The electrical insulation between
the cathode and anodes is established by borosilicate-glass
tubes with an inner diameter of 134 mm. Hydrogen gas
was supplied through a flow control valve (∼2 sccm) and
evacuated by a turbo molecular pump through a throttle
valve. The gas pressure was stably maintained at ∼1 Pa by
the feedback control of the throttle valve. The cathode was
negatively biased up to −30 kV by a high-voltage power
supply to induce glow discharge in the gas. The power
supply was operated with a constant current up to 30 mA,
and the cathode voltage was manually controlled by the gas
pressure.

The light emitted from the discharge column was ex-
tracted through the anode center hole and then focused by
a lens onto the inlet of an optical fiber connected to a 50-
cm monochromator. The spectral shape of Hα emission
was recorded by a high-resolution EM-CCD camera. As
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Fig. 1 Experimental setup for emission spectroscopy with a
glass-wall linear IEC device.

shown in Fig. 1, a bright column was locally formed dur-
ing the discharge along the center axis of the device, which
indicated that the ionization reactions of hydrogen gas oc-
curred in the limited volume near the center axis of the
device.

A one-dimensional Monte Carlo (MC) code was de-
veloped to simulate the motions of hydrogen particles
along the center axis of the device and calculate their dis-
tribution functions fi(x, v) after various collisional interac-
tions. Here, x and v are, respectively, the position and ve-
locity of hydrogen atoms that eventually cause Hα emis-
sion. Suffix i denotes the species of parent particles such
as H+, H+2 , H+3 , H, and H2, which dissociate into excited
hydrogen atoms (n = 3) after charge exchange (CX) re-
actions with H2 molecules. The code considered the reac-
tions listed in Table 1 with the cross sections complied by
Tabata et al.[1].

An electrostatic potential along the center axis of the
device [dotted line in Fig. 2 (a)] was calculated by a finite
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Table 1 Collisional reactions considered in the developed one-
dimensional MC code. No excited states are consid-
ered.

Projectiles Reactions
H+ H+ +H2→fast H, H+ +H2→Hα
H+2 H+2 +H2→H+3 +H, H+2 +H2→slow H+2 (∗),

H+2 +H2→fast H+, H+2 +H2→Hα
H+3 H+3 +H2→fast H+, H+3 +H2→fast H+2 ,

H+3 +H2→fast H, H+3 +H2→fast H2,
H+3 +H2→Hα

H H+H2→slow H+2 , H+H2→fast H+,
H+H2→Hα

H2 H2 +H2→fast H+2 , H2 +H2→fast H+,
H2 +H2→Hα

Fig. 2 Typical results of MC simulations and emission spec-
troscopy on Hα Doppler components and reconstructed
ionization results under various discharge conditions.

element method and then imported to the MC code. Be-
cause the hydrogen gas in the IEC device was weakly ion-
ized, space-charge and Debye-shielding effects were ig-
nored here. It was also assumed that only H+2 were ini-
tially generated because the cross sections of H+ produc-
tion from H2 owing to electron impact and charge transfer
are relatively small.

Typical Hα emission spectra calculated by the MC
simulation are shown in Fig. 2 (b). Each partial spectrum
was obtained by assuming that H+2 ions were initially gen-
erated only in a limited space (Δx =5 mm) shown by rect-
angles in Fig. 2 (a). In each case, 106 trials were accumu-
lated to obtain sufficient statistical accuracy. The spec-
tra calculated in Fig. 2 (b) have both blue- (left) and red-

Fig. 3 Spatial and velocity distribution functions of Hα-emitting
hydrogen particles calculated using ion production rate
distribution obtained by the inverse analysis.

shifted Doppler peaks (right). The large asymmetry in
these spectra means that most hydrogen ions caused Hα
emission via CX and dissociative reactions in their first
flight toward the cathode. This is supported by the fact that
the mean free path of 30-keV H+2 ions in 0.56-Pa H2 gas es-
timated from the cross section of the CX reaction (∗ in Ta-
ble 1) is only ∼10 mm. The positions of sharp peaks in the
partial spectra move to the smaller Doppler-shift side as the
location of the initial ion generation becomes closer to the
cathode center. This occurs because the CX reactions caus-
ing Hα emission are more likely to occur for faster parent
ions in an energy regime of ∼30 keV. Assuming that the
observed Hα spectrum S exp(λ) is expressed by the linear
combination of partial Hα spectra S j(λ) obtained by MC
simulation, the following equation should be established:
S exp(λ) =

∑m
j=1 g jS j(λ). Here, g j is a weighting coeffi-

cient for the partial spectrum S j(λ) that originates from
the ions generated in the jth region in the calculation field.
Figure 2(c) shows numerically reconstructed Hα emission
spectra (open circles), which were obtained by solving the
weighting factor g j using the least square method. The re-
constructed spectra well reproduce the experimental ones
(solid lines). In Fig. 2 (d), the weighting factor g j is plotted
as a function of location where hydrogen ions are initially
produced. The spatial profile of g j has a large peak near the
cathode and a small one near the anode, which indicates
that most of H+2 ions are generated by charge exchange re-
actions between H+2 and H2 near the anode and by electron
impact ionization of H2 near the cathode.

Figure 3 shows the spatial and velocity distributions
of Hα emitting hydrogen atoms calculated using the ion-
ization rate distribution (30 kV and 0.57 Pa) shown in
Fig. 2 (d). The solid lines show the Hα emission origi-
nating from specific “parent” hydrogen particles, and the
dotted lines represent their total distribution. As shown in
Fig. 3 (a), the Hα emission becomes maximum at the cen-
ter of the cathode owing to the contributions of H+2 and
H+, having the highest CX probabilities at the maximum
energy (∼30 keV). In contrast, the contributions of neutral
particles are almost uniform. Figure 3(b) shows that a large
peak in Hα spectra with relatively small Doppler shifts are
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mainly due to the neutral hydrogen molecules and atoms.
With an increase in the Doppler shift, the contributions of
hydrogen ions (H+2 and H+) relatively increases; however
fast H2 molecules are still essential in the Hα emission pro-
cess. This result shows that CX reactions between fast H+2
ions and slow H2 molecules are predominant in the IEC
discharge.

In conclusion, the developed inverse analysis method
was successfully applied to determine ionization rate dis-

tributions in the IEC device from the observed Hα spectra.
Because the MC code can easily include fusion reactions,
this method will be also used to predict neutron production
rates in deuterium gas discharge and improve the perfor-
mance of IEC fusion devices.
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